Negative Index in a Lossy

Background
Negative index in a lossy metamaterial has been studied for some time [1] . There are now several theoretical and experimental studies that have been reported confirming properties and applications of negative index of refraction (NIM) [2] . It is known that for waves in media with negative index, the wave vector obtains a negative sign. In a lossy medium, the wave vector becomes complex; its imaginary part is a result of the presence of both complex conductivity and an equivalent complex permittivity [1, 2] . In this work, we investigate the emergence of negative index in a dispersive chiral metamaterial by deriving the phase velocity via the real part of the wave vector and applying the Drude model for electric conductivity and the Lorentzian model for relative permittivity and permeability. Thereafter we determine the range of frequencies where phase and group velocities are in opposite directions. The overall effect of losses in NIM behavior is also explored vis-à-vis lossless propagation and also parametric analysis under loss.
Wave vector, phase velocity and group velocity under Drude model for conductivity
After considerable algebra, the wave vector in a lossy metamaterial can be expressed to first order as follows [3] Re( )
The phase velocity can be calculated by using 
Using the phase index definition 
Similarly, we calculate the group velocity by using 
Next, we find the group index by dividing the free-space speed of light by the group velocity as follows 
